Abstract: A tunable multichannel filter in the finite photonic crystal (PC) containing photonic quantum well (PQW) as a defect is proposed. The symmetric structure ðABÞ P ðCDÞ Q ðBAÞ P and the asymmetric structure ðABÞ P ðCDÞ Q ðABÞ P are considered in this work. Here, the host PC of ðABÞ P is made of Si for layer A and of SiO 2 for layer B. In the PQW, ðCDÞ Q , C also is Si, but D is an extrinsic semiconductor, n-type silicon (n-Si). With the use of n-Si, it is found that both structures can function as a tunable multichannel filter in the infrared region. The number of channels is equal to Q þ 1 in the symmetric structure, whereas it is Q for the asymmetric one. The positions of multiple resonant peaks can be tuned by the variation in the impurity concentration of n-Si. The proposed filter could be used to design the wavelength division multiplexer filter that is of technical use in optical communications.
Introduction
Photonic crystals (PCs) are artificial media with periodic structures. Due to the periodic arrangement in structure, a PC possesses some photonic band gaps (PBGs) within which electromagnetic waves cannot propagate when their frequencies fall in the PBGs. These PBGs can be engineered for realizing some useful photonic devices. Among them, narrowband transmission filters (NTFs) are widely applied in photonics and optical communications. Using 1-D PC, an NTF is also called a multilayer Fabry-Perot resonator (FPR), which has a structure of ðABÞ P DðABÞ P , where ðABÞ P is a finite PC, with A and B being the high-and low-index layer, respectively, D is the defect layer, and P is the stack number [1] . This NTF possesses a single transmission peak which, in general, can be designed in the vicinity of PBG center. With different material in D, filters with tunable feature can be obtained [2] - [6] .
An NTF with multiple transmission peaks is more attractive in optical signal processing. For example, it can be designed a wavelength division multiplexer (WDM) filter that is of particular use in communications. To achieve a multichannel filter, the aforementioned structure has to be modified as ðABÞ P ðCDÞ Q ðABÞ P or ðABÞ P ðCDÞ Q ðBAÞ P , as depicted in Fig. 1 . Here, the original defect layer, D, is replaced by the so-called photonic quantum well (PQW), ðCDÞ Q , with Q G P [7] . In Fig. 1 , the upper filter structure is said to be asymmetric whereas the lower one is referred to as a symmetric filter. In such a PQW PC structure, the design principle is that a pass band of PQW ðCDÞ Q must be designed to be inside the PBG of host PC ðABÞ P . Thus, when the structure, ðABÞ P ðCDÞ Q ðABÞ P , is formed, the continuous pass band will be quantized due to the photonic confinement. As a result, multiple discrete defect modes are created inside the PBG. Moreover, the number of defect modes (resonant peaks) is equal to Q [7] . The use of PQW as a defect layer in a PC provides a feasible method of designing PC multichannel filters [8] - [11] .
In addition to the multiple-filtering feature, a tunable filter has attracted much attention in the community. The tuning can be made by means of external agents such as temperature (T-tuning), electric field (E-tuning), or magnetic field (M-tuning). For instance, using liquid crystal or superconducting material as a defect material, the filter belongs to T-tuning [12] , [13] . As for the E-tuning filters, we mention references [2] - [6] , [13] . With the use of magnetic material, an M-tuning tunable is obtained [14] - [16] . Another tunable filter called N-tuning can be achieved by using extrinsic semiconductor [17] , [18] . In this case, the permittivity of extrinsic semiconductor is a function of the doping concentration, and consequently, the optical properties are tunable, tuned by the variation of the doping concentration.
The purpose of this paper is to design a tunable multichannel filter based on the use of PQW in a 1-D PC as well as the doped semiconductor. We shall consider two possible filter structures that are depicted in Fig. 1 , in which a constituent of PQW, i.e., C, is taken to be the doped n-type extrinsic semiconductor n-Si. The tuning feature can be achieved by varying doping concentration in n-Si.
Basic Equations
For the PC with PQW in Fig. 1 
P is said to be symmetric. The entire system is immersed in air. An optical wave with a unit power is normally incident at the left boundary, z ¼ 0, and R and T are the reflectance and transmittance, respectively. SiO 2 are denoted as " A and " B , respectively. In the infrared region, the relative permittivity of n-Si can be described by the plasma model, namely [18] 
where " 1 ¼ 11:7 is the high-frequency limit of the relative permittivity, e and h are the damping frequencies for the electrons and holes, respectively, and ! pe , ! ph are the electron and hole plasma frequencies given by
Here, m e;h are respectively the effective masses of electron and hole. In addition, n e;h is the carrier concentration for n-type and p-type doped silicon, respectively. They can be determined from the law of conservation of charge, with the results [18] 
where n i is the intrinsic electron concentration of Si and N is the doping impurity concentration. It can be seen from (1)- (3) that the permittivity of n-Si is a function of frequency and doping concentration. Thus, the corresponding refractive index is given by
In Fig. 2 , we plot the wavelength-dependent permittivity of n-Si at near-infrared (1.5-2.5 m) for four different impurity concentrations N ¼ 1 Â 10 19 , 10 Â 10 19 , 50 Â 10 19 , and 100 Â 10 19 cm À3 . It can be seen that " C is a decreasing function of the wavelength. In addition, at a fixed wavelength, it decreases as impurity concentration increases. At higher concentration such as 100 Â 10 18 cm À3 , the permittivity goes to a negative value, indicating that the strongly doped semiconductor behaves like a metal. With a negative permittivity, electromagnetic wave cannot propagate in a bulk material because it will be attenuated.
In what follows, properties of defect modes in two structures of Fig. 1 , air/ðABÞ P ðCDÞ Q ðABÞ P /air (asymmetric), and air/ðABÞ P ðCDÞ Q ðBAÞ P /air (symmetric), will be investigated. To analyze the defect modes, we shall calculate the wavelength-dependent transmittance, T , by making use of the transfer matrix method (TMM) [19] . First, we assume that time dependence is exp ðj!t Þ for any field. 
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respectively, where
are the matrices of a single period in ðABÞ P , ðABÞ P , and ðCDÞ Q , respectively. Here, the dynamical matrix D q (q ¼ 0, A, B, C, D) , is expressed as
where q ¼ 0 is for air with " 0 ¼ 1. In (10), we have limited our study to the case of normal incidence as shown in Fig. 1 . The propagation matrix P i in (7)- (9) for layer i (i ¼ A, B, C, D) takes the form
where d i is the thickness of layer i and k i ¼ n i ð2=Þ, is the associated wavenumber with n i being the corresponding refractive index. The transmittance T can be calculated by the following equation:
Numerical Results and Discussion
In order to achieve the function of multiple-filtering for the design structure of ðABÞ P ðCDÞ Q ðABÞ P , we have to first know the photonic band structures (PBSs) for both the infinite PCs of ðABÞ P and ðCDÞ Q with P ! 1 and Q ! 1. The design rule is that a pass band of the PQW PC, ðCDÞ Q , must locate with a PBG of the host PC, ðABÞ P . The PBS for a 1-D binary PC can be computed by the following central equation [19] :
where
is the spatial periodicity, and the Bloch wavenumber is defined as K ¼ K r À jK i . For PQW (host) PC, we have 1 ! CðAÞ and 2 ! DðBÞ. The pass band can exit where the solution is purely real, K ¼ K r . As for the PBG, solution for K must have an imaginary part K i . In Fig. 3 , the PBSs of both PCs are plotted in the region of near-infrared (1.5-2.5 m). Here, With the same material parameters in Fig. 3 , in Fig. 4 , we plot the calculated transmittance spectra for both the symmetric and asymmetric structures, i.e., air/ðABÞ P ðCDÞ Q ðBAÞ P /air and air/ðABÞ P ðCDÞ Q ðABÞ P /air, at P ¼ 5 for different stack numbers in PQW, Q ¼ 1, 2, 3, and 4. It can be seen that the number of multiple transmission peaks increases as Q increases. For a given Q, there are Q þ 1 transmission peaks in the symmetric structure. However, the number of peaks is Q for the asymmetric structure, which is consistent with the previous result [7] . The presence of multiple resonant peaks (or defect modes) is due to the photonic confinement. The PQW is sandwiched two mirrors and, thus, the continuous pass band in quantized into discrete peaks. In addition, these peaks do not have the same height that is different from that in [7] . This unequal resonant peak height can be ascribed to the wavelength-dependent permittivity in n-Si. Fig. 4 . Calculated wavelength-dependent transmittance for the filter structures, i.e., air/ ðABÞ P ðCDÞ Q ðBAÞ P /air (left), and air/ðABÞ P ðCDÞ Q ðABÞ P /air (right), at Q ¼ 1, 2, 3, and 4, respectively, and P ¼ 5. The multiple transmission peaks are produced due to the photonic confinement. Fig. 3 . Calculated PBSs for the ideal infinite host PC with a period of Si/SiO 2 (black curve) and PQW PC containing a period of n-Si/Si (red, blue, or purple curve). The region confined by two vertical dashed lines indicates a PBG of host PC, and a pass band (red) of PQW PC is contained in this PBG.
Let us now extend the above filter design by making use of the double photonic quantum wells (DPQWs). Based on the above asymmetric structure, the modified filter has a structure of air/ðABÞ P ðCDÞ Q ðABÞ L ðCDÞ Q ðABÞ P /air. Here, the middle ðABÞ L plays as a coupling center between the DPQWs of ðCDÞ Q and its width is controlled by L. To compare with the result of single PQW in that this single peak is split into two peaks when DPQW is used. Thus, the use of DPQW is advantageous to enhancing the filtering spectral efficiency since more resonant transmission peaks are generated inside the PBG. These two peaks can be ascribed to the interaction between DPQWs because of the existence the coupling center ðABÞ L . It is also noted that the separation between two peaks is pronouncedly reduced as L increases. Increasing L weakens the interaction of two PQWs, and consequently, the two peaks are forced to be close together, as can be seen in the case of L ¼ 4, in which the splitting becomes less apparent. In fact, these two peaks will merge together or become degenerate when L ¼ 5. In this case, the entire structure can be regarded as two cascaded filters with the same peak position. The role played by the coupling center, which makes more peaks in the filter, is no longer valid. That is, the effect of coupling center can be evidently seen at L G P. We continue to investigate how the peaks shift due to the variation of the doping concentration in layer C. For illustrative purpose, we consider the symmetric structure and take Q ¼ 1 (and there are two peaks) as an example. In Fig. 6 Fig. 4 is now split into two peaks due to the interaction between the two PQWs.
It can be seen that the positions of two peaks are slightly moved to the left, i.e., they have a tendency of blue-shift as the concentration increases.
Before giving a conclusion, it is worth mentioning the method of controlling doping concentration in fabrication. The uniformity of thickness and flatness of interfaces of both host PC and PQW in the path of electromagnetic wave are crucial. For thin layer epitaxy MOCVD shows the good performance to fabricate such a multiple-film PC. The procedures of fabrication are listed as follows: 1) to deposit an SiO 2 layer as stop layer on silicon substrate; 2) to deposit five Si/SiO 2 for the host PCs; 3) deposit Si/n-Si PQW and five SiO 2 /Si host PCs; 4) to deposit protection layer SiO 2 , which is the same thickness as the stop layer in Step 1; 5) to lithograph 200 m square array at backside of silicon substrate; 6) to lithograph 200 m square array on protection layer in Step 4; 7) to etch away silicon and stop on stop layer SiO 2 in Step 1; 8) to etch away SiO 2 on both sides; 9) to cut down the PC.
The crucial control during fabrication of multilayer is to maintain the deviation of each layer within acceptable variation: the flow rate of carrier gas, temperature of the reactor, and pressure needed to be in up/low limit. The clearness of substrate will strongly affect the uniformity and flatness of film. Most importantly, the impurity concentration in n-Si can be controlled by changing the flow rate of AsH 3 in Step 3.
Conclusion
In conclusion, a design of tunable and multiple channel filter operating in near-infrared region has been proposed. It is based on the use of PQW structure containing a doped semiconductor. The channel number is directly determined by the stack number in the PQW. With the increase in the impurity concentration, we find that these channels will be blue-shifted. The design structure can possess both multichannel as well as tuning features, which could be of technical use in the semiconductor photonic applications.
